Toxoplasma rhoptry protein 38 (TgROP38) is a new active kinase that modulates host cell signal transduction and TgROP38 expression shows strain-specificity and stage-specificity in different isolates. In the present study, we overexpressed ROP38 in the RH and prugniaud (PRU) strain (RH+rop38 II and PRU+rop38 II ), disrupted ROP38 (PRUΔROP38) in the PRU strain, complemented the ROP38 (PRUΔROP38 comp+ ) in the PRUΔROP38 strain, and compared phenotypes of gene-edited and parental strains. We found that knockout of ROP38 led to increased proliferation (P < 0.01) and invasion (P < 0.01) ability of the parasite. However, intraperitoneal infection with 1000 tachyzoites, PRUΔROP38 showed almost no virulent to mice compared with PRU (P < 0.01). Mice infected with low dose of PRU parasites produced higher levels of IL-18 and IL-1β compared with those infected with the PRUΔROP38 parasites during early days (P < 0.01). IL-18 produced by the PRU-infected group was significantly higher than that of the PRUΔROP38-infected group in vitro (P < 0.01). These phenomena may be related to the involvement of TgROP38 in the regulation of TgProfilin (TgPRF) protein, which could be recognized by host Toll-like receptor 11 and 12 (TLR11 and TLR12), an activation of host immune response. We also found that TgPRF expression was obviously decreased in PRUΔROP38, which was related to the cytokines production in mice model. These findings reveal an intriguing biological function of ROP38 in the RH and PRU toxoplasma, which may provide us with some clues of the existence of this protein in other isolates.
Introduction
Toxoplasma gondii is the most common apicomplexan protozoan in warm-blooded animals world-wide, infecting up to one-third of the world's population at a given time [1, 2] . Toxoplasma infection can be divided into acute infection and latent infection, while most are chronic infections in general [3] . Although death caused by toxoplasmosis is rare, the datasets showed that there are many encephalitis (TE) or ocular toxoplasmosis cases clinically [4] .
Rhoptries, micronemes and dense granules are three obligate secretory organs in the apicomplexan protozoan. These secretory proteins (ROPs, MICs or GRAs, respectively) have been proved to be closely related to invasion, proliferation, egress and virulence in these parasites [5] . These secreted effectors could modulate host innate immunity, by alternating the host signal pathways or mediating immune evasion [5] . The mechanisms of host innate immune responses to control toxoplasma infection may vary depending on the strain-specificity of parasites, since the secreted antigens are polymorphic among different isolates of T. gondii [5] .
ROPs in Toxoplasma can be divided into two groups. One group is the ROP2 pseudokinase family, including TgROP18 and TgROP5, while the other group contains the most novel activated kinases, such as TgROP16 and TgROP38 [6] . By integrating diverse genomic-scale analyses, Peixoto et al. [6] found that TgROP38 was particularly important in Toxoplasma because its expression was highly diverse in three canonical strains. Although the TgROP38 gene was highly conserved (>99%) in different isolates, TgROP38 expression level varies greatly among them, with virtually no expression in RH strain (genotype I; >8-fold in PRU, genotype II; >64-fold in VEG, genotype III, compared with RH tachyzoite) [6, 7] . In addition, the differentiation from tachyzoites to bradyzoites induced by CO 2 starvation or alkaline conditions up-regulated the TgROP38 expression level, while the expression levels of most other ROPs were down-regulated, such as TgROP18 [6] .
In the present study, CRISPR/Cas9 was used to construct the TgROP38-overexpressing RH strain and the TgROP38-knockout, -complementary or -overexpressing PRU strain [8] . We intended to overexpress or complement the ROP38 gene in the uracil phosphoribosyl transferase (UPRT) gene locus, as the UPRT gene is nonessential in Toxoplasma, and loss of this gene does not influence parasite invasion, proliferation or virulence [8] . RNA-guided nucleases targeted to the UPRT locus and cleaved it. This break was repaired with PRU ROP38 gene which was driven by Toxoplasma endogenous α-tubulin promoter through homologous recombination. Phenotypic experiments were performed to compare the differences among parental, knockout, complementary and overexpressing strains, aiming to understand the biological functions of ROP38 in the RH or PRU strains, and even to provide some clues for other isolates.
Materials and Methods

Animal ethics
The mice were purchased from the Laboratory Animal Center of Academy of Military Medical Sciences (Beijing, China). All animals in this study were given basal diet and tap water ad libitum, in accordance with the requirements of the Animal Ethics Procedures, which were approved by the Beijing Laboratory Administration Committee (Approval No: 18049).
Cells and parasite cultures
African Green Monkey kidney cells (Vero) and Human Foreskin Fibroblast (HFF) cells were serially passaged in our laboratory as described before [9] . Wild-type RH and PRU strains, and geneedited RH+rop38 II , PRUΔROP38, PRUΔROP38 comp+ and PRU +rop38 II strains used in this study were cultured and serially passaged on Vero cells [10] . The overexpressing strains were cultured in DMEM medium containing 2% FBS, 3 μM pyrimethamine (Sigma-Aldrich, St Louis, USA) and 10 μM fluorodeoxyribose (FUDR; Sigma-Aldrich). Knockout strains were cultured in DMEM medium containing 2% FBS, 20 μM chloramphenicol (CAT; SigmaAldrich) and 3 μM pyrimethamine. Complementary strains were cultured in DMEM medium containing 2% FBS, 3 μM pyrimethamine, 20 μM CAT and 10 μM FUDR [10] .
Generation of complementary and overexpressing strains
The complete coding sequence (CDS) of TgROP38 was amplified from the PRU genome using primers F1/R1 (Supplementary Table S1) , and the PCR products were cloned into the pEASY-T vector (TansGen, Beijing, China). The PCR reaction was carried out in a thermocycle (Bio-Rad, Hercules, USA) with an initial denaturation at 94°C for 10 min, followed by 30 cycles of 94°C 40 s, 55°C 30 s, 72°C 2 min 35 s, and a final extension step was at 72°C for 10 min. Targeting plasmids, pSAG1-CAS9-U6 gRNA (UPRT), expressing Cas9 and a single guide RNA (sgRNA) targeting the uracil phosphoribosyl transferase (UPRT) gene and homologous recombination plasmid, pUPRT::DHFR-D, were kindly provided by Prof. Bang Shen (Huazhong Agricultural University, Wuhan, China). The complete coding sequence of TgROP38 was amplified using primers F2/ R2 with EcoRV and ApaI enzyme sites (Supplementary Table S1) , and PCR products were cloned into the pLIC plasmid to obtain the HA tagged in the N-terminus of the ROP38 gene. Then, F3/R3 primers were used to amplify the products containing the HA tag, F4/ R4 primers were used to amplify the skeleton of the pUPRT::DHFR-D plasmid, and F5/R5 primers were used to amplify the α-tubulin promoter from the Toxoplasma genome. Three PCR fragments were linked using the ClonExpress ® II One
Step Cloning kit (Vazyme, Nanjing, China), forming the pUPRT::ROP38 recombinant plasmid. The TgROP38 gene CDS under the α-tubulin promoter with UPRT 5′-and 3′-flanked sequence was amplified using primers F6/ R6, and PCR products were co-transfected into the RH, PRU or PRUΔROP38 strains with pSAG1-CAS9-U6 gRNA (UPRT) plasmid to construct the overexpressing or complementary strains. A total of 1 × 10 7 freshly lysed RH, PRU or PRUΔROP38 tachyzoites were mixed with 50 μg plasmid and 100 μg UPRT::ROP38 fragments, and then transferred to a 0.4-mm gap cuvette and electroporated with 2.5 kV at 25 μFd and 50 Ω with the Gene Pulser X cell electroporation system (Bio-Rad) as described previously [10] . Then the transgenic parasites were grown on Vero cells in DMEM medium containing 2% FBS, with 3 μM pyrimethamine or 10 μM FUDR, as positive or negative selection pressure respectively.
Generation of knockout strains
The gene sequence and amino acid sequence of TgROP38 (TGME49_242110) were obtained from ToxoDB (http://www. toxoDB.org). Gene sequences blast results showed that there are another two homeotic genes located in Toxoplasma genome, named TGME49_242100 and TGME49_322100, respectively. Alignment of three protein sequences revealed that the homology of these protein sequences was as high as 99% ( Supplementary Fig. S1A ). TGME49_242100 and TGME49_242110 locate in T. gondii chromosome VI from 1894,468 to 1908,520 in tandem, thus we wanted to knockout the whole 14 kb part using CRISPR. However, there is little information about the TGME49_322100 gene locus, thus we decided to insert two tandem selectable markers, i.e. chloramphenicol and red fluorescence protein (CAT-RPF), into the TGME49_322100 gene, in order to disrupt the expression of this protein.
PCR primers F7/R7, and F8/R8 were used to amplify the 5′ upstream of TGME49_242100 and 3′ downstream of TGME49_ 242110, respectively. F9/R9 and F10/R10 primers were used to amplify the DHFR and plasmid skeleton from pUPRT::DHFR-D plasmid. Four PCR products were linked using the ClonExpress ® II One Step
Cloning kit, forming the pROP38::DHFR recombinant plasmid. The DHFR gene CDS with TgROP38 5′-and 3′-flanked sequence was amplified using primers F11/R11 to obtain the ROP38::DHFR fragments.
A single guide RNA (sgRNA) containing a 20-nucleotide guide RNA that targets a region of the ROP38 gene was designed by online software E-CRISP (http://www.e-crisp.org/E-CRISP/). The sequences of three ROP38-targeting sgRNAs were 5′-GTCCCA CGACACAGACAGAT-3′ (sgRNA1), 5′-TCGATGTGCATGGCGA GTGA-3′ (sgRNA2) and 5′-ACCGCCGTGGCAGGTCACAC-3′ (sgRNA3). The ROP38-targeting CRISPR plasmids (sgROP38) were obtained using Q5 mutagenesis kit (New England Biolabs, Ipswich, USA) to change the UPRT-targeting sgRNA as previously reported [8] . The primers for constructing sgRNA1, sgRNA2 and sgRNA3 plasmids were F15/R15, F16/R16 and F17/R17 (Supplementary Table S1 ). Then 50 μg sgRNA1 and sgRNA2 plasmids with 100 μg ROP38::DHFR fragments were co-transfected into 1 × 10 7 freshly lysed PRU tachyzoites, and the electroporation conditions were as described above. Next, we selected the monoclonal strains with deletion from gene 242100 to 242110. PCR primers F12/R12 and F13/R13 were used to amplify the left and the right part of sgRNA3 sequence in 322100 sequence, respectively. Two PCR fragments were linked to the pTCR plasmid using KpnI/XhoI and XmaI/SpeI enzyme sites. Then, the 5′-flank-CAT-RFP-3′-flank PCR fragment was amplified using primers F14/ R14. About 100 μg of this fragment with 50 μg sgRNA3 plasmid were co-transfected into purified PRUΔ242100-242110 strain, and transfected tachyzoites were derived by DHFR and CAT selection. PCR was used to confirm the correct homologous recombination of PRUΔROP38 clones.
PCR and quantitative real-time PCR
PCR was conducted with the T100TM Thermal Cycler (Bio-Rad) using PCR high-fidelity polymerase (Fastpfu; TransGen, Beijing, China) and SuperMix (TransGen) following the manufacturer's instructions. The PCR conditions were as follows: 95°C for 10 min; 30 cycles of 95°C for 30 s, 56°C for 30 s and 72°C for 1 min; and 72°C for 10 min. The PCR products were identified by electrophoresis.
Total RNA was extracted from purified parasites using Trizol reagent (Invitrogen, Carlsbad, USA). cDNA was synthesized using the EasyScript First-Strand cDNA Synthesis SuperMix kit (TransGen) according to the manufacturer's protocol. The specificity of these primers was evaluated using conventional quantitative real-time PCR. RT-PCR (ΔΔCt method) was performed with LightCycler ® 480
System (Applied Biosystems Inc, Basel, Switzerland) using Taq SYBR ® Green qPCR Premix (Ybiolab, Lianyungang, China) [11] .
RT-PCR primers used in this study were TgActin F/R: 5′-GACCTTACCGAGTACATGATGAAG-3′/5′-CCATCGGGCAATT CATAGGAC-3′, and TgROP38 F/R: 5′-GACCTTTTGGGCGAAG ATG-3′/5′-CCCGAA-GGGGCTTGAAAAAC-3′.
Western blot analysis
A total of 2 × 10 7 purified parasites were broken by a 27-g needle and lysed by RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS; MACGENE, Beijing, China) with protease inhibitor cocktail (104 mM AEBSF, 80 μM aprotinin, 5 mM bestatin, 1.5 mM E-64, 2 mM leupeptin and 1.5 mM pepstatin A; MACGENE) and incubated 30 min on ice. Then, the lysates were boiled and subject 10% SDS-PAGE, and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, USA). Mouse anti-HA mAb antibody (1:3000; Sigma-Aldrich) was used as the primary antibody for the overexpressing and complementary strains, and rabbit anti-T. gondii actin (TgActin) antibody (1:8000; National Animal Protozoa Laboratory in China Agricultural University, Beijing, China) was used as a loading control. HRP-conjugated goat anti-mouse IgG (H+L) (1:5000; Sigma-Aldrich) and HRP-conjugated goat anti-rabbit IgG (1:10,000; Sigma-Aldrich) were used as secondary antibodies. Finally, the bands were visualized using SuperEnhanced chemiluminescence reagents (Huaxingbio, Beijing, China).
Immunofluorescence assay
Immunofluorescence assay (IFA) was used to confirm the stable expression of ROP38 and analyze the ROP38 subcellular localization in RH+rop38 II strain as described previously [10] . Mouse anti-HA mAb (1:500; Sigma-Aldrich) and rabbit anti-TgSAG1 (1:500; National Animal Protozoa Laboratory in China Agricultural University) were used as the primary antibodies, and FITC-conjugated goat-anti mouse IgG (H+L) and Cy3-conjugated goat-anti rabbit IgG (H+L) (1:100; Sigma-Aldrich) were used as the secondary antibodies. The nuclear DNA was stained with Hochest 33,258 (1:100; SigmaAldrich) simultaneously with secondary antibodies. The images were obtained using a Leica confocal microscope system (TCS SP52; Leica, Wetzlar, Germany).
Phenotype assays
Five hundred genotype I or one thousand genotype II freshly isolated parasites were seeded onto HFF monolayers and incubated at 37°C with 5% CO 2 for 7 d or 12 d, respectively. The medium was removed, and the parasites were fixed with 4% (v/v) paraformaldehyde (PFA) at room temperature (RT), followed by staining with 0.2% crystal violet solution for 30 min, washed with deionized water, and then visualized by microscopy (Olympus, Tokyo, Japan) or scanned by a Canon digital scanner (Model: F917500; Tokyo, Japan).
Proliferation and invasion assays
Freshly isolated parasites were inoculated on HFFs in 12-well plates (Corning Costar, Corning, USA) for 1 h, and the medium was removed and washed with PBS. The coverslips were incubated at 37°C for 20 h with 2% FBS. The parasites and the host nucleus were stained as described above. At least 100 parasite vacuoles were counted for each strain with a fluorescence microscope (Olympus) at 400× magnification for the proliferation assay. At least 10 images were taken to count the number of parasite vacuoles and host nuclei for the invasion assay. The data were obtained from three independent experiments.
Mice virulence assay
In order to compare the virulence of the different strains, 50 or 10 freshly lysed tachyzoites of RH and RH+rop38 II were injected intraperitoneally into 6-week-old female Balb/c mice (five mice per group). A total of 1000 freshly lysed tachyzoites of PRU, PRUΔROP38, PRUΔROP38 comp+ and PRU+rop38 II were injected into 6-week-old female Balb/c mice (30 mice per group) intraperitoneally. Mice were monitored twice a day until all mice died.
Egress assay
Toxoplasma intracellular tachyzoites egressed from parasitophorous vacuoles (PVs) induced by the Ca 2+ ionophore A23187 were measured as previously described [12] . Parasites (5000) were allowed to invade HFF cells in 12-well plates for 54 h prior to induction by A23187. Egress was stimulated with different concentrations of A23187 ranging from 1 μM to 10 μM. At different time points after stimulation, the cells were fixed with 4% paraformaldehyde. Mouse anti-TgSAG1 antibody was used as a primary antibody to stain the parasites. Each time, 100 vacuoles were counted per slide, and three times were necessary for this experiment.
Cytokine production in vivo and in vitro 
Mouse peritoneal macrophages (PMΦs) were isolated as previously described [13] . Purified PRU and PRUΔROP38 strains were inoculated with PMΦs (MOI = 1). Supernatants were collected at 12 and 24 h, respectively, and the supernatants were collected and stored at -80°C for the detection of IL-1β, IL-18 and IFN-γ by ELISA.
Statistical analysis
The statistical analysis of all of the data was performed using GraphPad Prism 5 v. 5.01 (San Diego, USA). The results are presented as the mean ± SD and were evaluated by two-way AVONA tests. Values of P < 0.05 and P < 0.01 were considered statistically significant (*) and very significant (**), respectively. Supplementary Table S1 . Western blot results showed that ROP38 could express normally in RH+rop38 II strains, using TgActin as a loading control. (D) Immunofluorescence microscopy analysis of TgROP38 localization (yellow arrow). Appropriated RH+rop38 II strain tachyzoites were seeded into the HFF cells, and the cells were fixed 30 h later. Mouse anti-HA mAb was used as the primary antibody to stain the location of TgROP38. TgROP38 locates in the rhoptry and parasitophorous vacuole membranes. With the increase of the proliferation time and the number of parasites in PVs, the ROP38 protein aggregated in the vacuole cavity and the PV membrane. Scale bar = 2 μm.
Results
Gene-edited parasites were successfully constructed
Quantitative real time-PCR and semi-quantitative PCR analysis of TgROP38 gene expressions in five different canonical toxoplasma strains were shown in Fig. 1A . The results showed that ROP38 expression was high in the VEG strain but low in the RH strain. CRISPR/Cas9 was used in this study to insert the ROP38 gene of the PRU strain into the UPRT locus of the RH strain (Fig. 1B) . Four monoclones of the RH+rop38 II strains were successfully obtained, as confirmed by PCR and western blot analysis. The amplification of approximately 1.5 kb fragments produced by both PCR1 and PCR2 verified the homologous recombination in the RH+rop38 II strain, while RH genomic DNA was used as a negative control (Fig. 1C, upper) . HA-tagged ROP38 in RH+rop38 II strains were recognized by anti-mouse HA monoclonal antibody and TgActin was used as a loading control (Fig. 1C, lower) . Collectively, these results demonstrated that the transgenic parasites were successfully constructed. In RH+rop38 II strain, ROP38 was found to locate in the rhoptries and parasitophorous vacuole membranes, like other ROP2 protein family members. Immunofluorescence microscopy showed that with Toxoplasma proliferating in host cells, ROP38 was gradually aggregated in the vacuole cavities and the PV membranes (Fig. 1D) . RT-PCR showed that the expression level of the ROP38 gene in RH+rop38 II strains was comparable to that in the PRU strain (Fig. 2D) .
To further investigate the functions of ROP38, we downregulated and overexpressed ROP38 in the PRU strain. For three homeotic genes of TgROP38, the 242100-242110 fragment was homologously replaced by DHFR cassette and Chloramphenicol (CAT) and Red fluorescent protein (RFP) tandem sequence were inserted into the 322100 sequence, and CAT-RFP was used as a selectable marker in this knockout strain. The ΔROP38 strains had red fluorescence (Supplementary Fig. S1B ). PCR and western blot analysis were used to confirm the deletion, complementation and overexpression of ROP38 in PRU strain ( Fig. 2A,B) . Fluorescent microscopy demonstrated the expression of homologously integrated CAT-RFP cassette in PRUΔROP38 parasites (yellow arrow; Fig. 2C ). RT-PCR was used to detect the mRNA level of ROP38 in Figure 2 . Identification of the PRUΔROP38, PRUΔROP38 comp+ and PRU+rop38 II strains (A) PRUΔROP38, PRUΔROP38 comp+ and PRU+rop38 II strains were identified by specific PCR with primers listed in Supplementary Table S1 . (B) The complementary and overexpressing ROP38 is HA-tagged, and HA mAb was used to detect whether the ROP38 is normally expressed in complementary or overexpressing strains. Western blot analysis showed that ROP38 was expressed normally in PRUΔROP38 comp+ and PRU+rop38 II strains, while PRUΔROP38 had no ROP38 expression, with TgActin used as a loading control. different strains. The results shown in Fig. 2D suggested that the RH +rop38 II , PRUΔROP38, PRUΔROP38 comp+ and PRU+rop38 II were successfully constructed.
TgROP38 reduced parasite motility and virulence
To evaluate phenotypic differences among various ROP38 genetically modified strains, invasion, proliferation, plaque and virulence assays were performed. In plaque assay, both plaque area and plaque number were identical between RH and RH+rop38 II , while PRUΔROP38 and PRU+rop38 II parasites displayed weakened plaque compared with PRU strains (Fig. 3A) . Next, freshly egressed parasites were inoculated on HFF cells for 20 h to investigate the invasion abilities of different parasites. Our results showed that the invasion ability was decreased in RH+rop38 II and PRU+rop38 II strains (Fig. 3B) , while PRUΔROP38 showed an increased invasion ability compared with PRU strain (P < 0.01). Similarly, in the proliferation assay, RH+rop38 II and PRU+rop38 II strains showed a lower replication rate than the wild-types in the host cells, while the PRUΔROP38 proliferation rate was significantly increased (P < 0.01; Fig. 3C ). When challenged with 50 (RH) or 10 (RH+rop38 II ) tachyzoites intraperitoneally, the average survival time of mice in these two groups was not statistically significant (P > 0.05; Fig. 3D ).
But when challenged intraperitoneally with 1000 tachyzoites of the PRU and its gene-edited strains, the number of survived mice infected with PRUΔROP38 and PRU+rop38 II were significantly increased (P < 0.01; Fig. 3D ). PRUΔROP38 comp+ strain had similar phenotypes in these studies. Thus, PRUΔROP38 had increased invasion and proliferation abilities with almost no virulence when compared with the parental PRU strain.
TgROP38 promoted parasite egress in genotype II strain
After stimulation with different concentrations of A23187, PRUΔROP38 tachyzoites displayed a lower egress efficiency (Fig. 4A,B) . When using A23187 or 1% ethanol to induce RH and RH+rop38 II egress, the two strains showed almost no difference (data not shown). Subsequently, the expression level of perforin-like protein (TgPLP1) in the PRUΔROP38 was found to be significantly lower than that in PRU [14] (Fig. 4C) . When parasitophorous vacuoles were stimulated with 2 μM A23187 for 2 min, the egress rate was similar among rescued, overexpressed and PRU strains, while all of them had a higher egress rate than PRUΔROP38 strain ( Supplementary Fig. S2 ). This might be the main reason why the knockout parasites did not form plaques in eyes in vitro (Fig. 3A) . Therefore, the knockout parasites had a lower egress ability and TgROP38 could up-regulate the expression of TgPLP1.
TgROP38 decreased IL-18 secretion in a mouse model
In the Fig. 5A , the results showed that mice infected with a low dose of PRU parasites produced higher levels of IL-18 and IL-1β, rather than IFN-γ compared with mice infected with the PRUΔROP38 parasites in the early 5 days (P < 0.01). Mice infected with PRU +rop38 II had a higher level of IL-18 in 12 h and 1 d compared with mice infected with PRU group (P< 0.01). While mice infected with RH+rop38 II had a higher level of IL-18 in 12 h and 1 d (P < 0.05) and had a higher level of IL-1β in 2 d when compared with mice infected with RH group (P < 0.01). As shown in Fig. 5B , only IL-18 was decreased in PRUΔROP38-and PRU+rop38 II -infected groups in vitro (P < 0.01). However, there was no significant difference in IFN-γ production in different Toxoplasma-infected groups in vivo or in vitro (P > 0.05). Previous studies have shown that the TgPRF can be recognized by the host TLR11 and TLR12 receptors, thereby initiating the host innate immunity. As shown in the Fig. 5C , after stimulation with 1% ethanol, the secretion of TgPRF was reduced in PRUΔROP38 and PRU+rop38 II compared with the parental PRU, and the expression level of TgPRF was rescued in the complementary strain. Therefore, TgROP38 may regulate the secretion of TgPRF, so that the PRU strain is better recognized by host TLRs, leading to activation of the host immune system.
Discussion
Toxoplasma is one of the most successful protozoans, forming vacuoles derived from the host plasma membranes and nonfusogenic with the host endolysosomal system, secreting numerous 2 adjusted with KOH) and stimulated with 1% ethanol at 37°C for 30 min. The suspension was then centrifuged at 400 g at 4°C for 10 min, and the pellets and supernatants were collected, respectively. The pellets were lysed by RIPA buffer (with the protease inhibitor cocktail) as stated. Samples from each strain (10% of the supernatant fractions and 10% of the pellet fractions) were resolved on SDS-PAGE gels and analyzed by western blot analysis. Mouse anti-TgPRF (1:400 was used for and supernatants and 1:2000 for pellets) polyclonal antibody was used in this study and TgGRA1 (1:400) was used as a loading control.
proteins into host cells, taking in host nutrients and manipulating the host's immunity to escape the host immune surveillance [15] . There are six clades (A-F) and three dominant genotypes (I, II, and III) in Toxoplasma, and genome sequences are highly conserved among them, with only 1-2% difference at the nucleotide level [16] [17] [18] . Nevertheless, their differences in transmission, phenotypes, and virulence in the mouse model are dramatic [19] . Some researchers have demonstrated that the critical fact lies in terms of diversity of secretory pathogenesis determinants (SPDs), which are distinguished in their genome [19] . For example, TgROP17 is conserved in clades A and B, TgROP5 is conserved in clades A and C and TgGRA3 is conserved in clades A, C, D, and F; these three proteins are confirmed to play vital biological roles in different clades [20] [21] [22] [23] . In this study, we aimed to elucidate the function of another rhoptry protein kinase, TgROP38, whose gene sequence is highly conserved (>99%) among different Toxoplasma isolates, ranging from clade A to clade F [7] . Nevertheless, its expression differences are extremely significant among them [6] .
Once Toxoplasma adheres to the cell surface, it secrets rhoptry neck proteins (RONs) and microneme proteins (MICs), forming AMA1-RONs complex, which is the part of the moving-junction (MJ) [24] . Meanwhile, the MIC2-MIC2AP complex is involved in gliding motility, and MIC1-4-6 complex contributes to parasite attachment and invasion [25] [26] [27] . Thereby, parasites invade host cells easily and form parasite vacuoles. In this study, we used the CRISPR/Cas9 system to disrupt the UPRT gene of the RH strain and to insert the ROP38 gene into UPRT gene locus, which is driven by the endogenous α-tubulin promoter, making the expression level of the ROP38 protein equal to that in a less virulent (genotype II) strain and knockout the ROP38 in the PRU strain. By phenotype assays, we found that invasion was weakened and proliferation was slowed down in the RH+rop38 II or PRU+rop38 II strains, but they were sharply increased in PRUΔROP38 strain. In the egress assay, PRUΔROP38 tachyzoites were hard to egress from parasitophorous vacuoles, although there was no significant difference in the egress of two parasites when stimulated with a lower concentration of A23187 at a short time or a higher concentration of A23187 at a long time. However, when stimulated with a lower concentration of A23187 at a long time, there were obvious differences between PRU and PRUΔROP38. These differences may give us some clues that TgROP38 was associated with its own motility, but whether this really is the case needs further experiments to verify.
Two main ROP groups modulate inflammation at different levels. First, Toxoplasma is recognized by TLRs through some ROPKs, which triggers NF-κB nuclear translocation and activation of myeloid differentiation factor 88 (MyD88), and produces the transcription of pro-inflammatory cytokines through the antigen presenting cells (APCs) [28] . Second, activated interferons regulate GTPases (IRGs) to destroy the parasitophorous vacuoles, and the virulent parasites will interfere with this second step, such as TgROP18 in the RH strain [28] . The first step is, to some extent, due to TgPRF, a class of actin binding proteins which could be recognized by host TLR11 [29, 30] . In this study, we found that the PRUΔROP38 had a lower TgPRF protein expression level than the parental PRU strain. We also found that IL-18 and IL-1β had higher levels in PRU-infected mice in the early infection, although there were some minor differences between low dose and high dose infection. Although the differences of inflammatory response between the RH-infected group and the RH+rop38 II -infected group were only obvious in the early 2 days, the overexpressing strain did not reduce pathogenicity in mice. IL-18 and IL-1β were slightly increased in the RH+rop38 II -infected mice. IL-18 and IL-1β belong to the IL-1 cytokine family, which cause caspase-1-dependent programmed cell death (pyroptosis) [31, 32] . IL-18 could suppress parasite proliferation, and neutralization of IL-18 in mice in acute infection with lethal RH strain could extend mice survival time [33] . Thus, we believe that the death of mice caused by PRU infection can be contributed mainly to the acute inflammatory response. When we used the same dose of PRUΔROP38, infected mice showed almost no clinical symptoms, thus we have reasons to believe that TgROP38 plays a vital role in producing inflammatory responses, especially in producing pro-inflammatory cytokines during PRU infection.
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